Abstract. Analysis of 41 ERS 1 synthetic aperture radar images and simultaneous ground measurements of discharge for three large braided rivers indicates that the area of active flow on braided river floodplains is primarily a function of discharge. A power law correlation is found between satellite-derived effective width We and discharge Q, where We is the water surface area within a braided reach divided by the reach length. Synthetic values of We and Q generated from a cellular automata model of stream braiding display a similar power law correlation. Power functions that are fit through plots of We and Q represent satellite-derived rating curves that can subsequently be used to estimate instantaneous river discharge from space, with errors ranging from tens to hundreds of cubic meters per second. For ungaged rivers, changes in relative discharge can be determined from satellite data alone to determine the shape and timing of annual flows in glacierized basins. Absolute discharge can probably be estimated within a factor of 2. More accurate estimates will require either (1) one or more ground measurements of discharge acquired simultaneously with a satellite image acquisition, or (2) successful parameterization of known morphologic controls such as total sinuosity 5;P, valley slope, bank material and stability, and braid channel hydraulic geometry. Values of total sinuosity 5;P derived from satellite imagery and field measurements from two rivers of braid channel width, depth, velocity, water surface slope, and bed material grain size indicate that while the shape of satellite-derived We-Q rating curves may be influenced by all of these variables, the sensitivity of flow area to changing discharge is most dependent upon the degree of braiding. Efforts to monitor river discharge from space will be most successful for intensely braided rivers with high values of total sinuosity. Subsampling of existing daily discharge records from the Iskut River suggests that satellite return times of about 1 week are sufficient for approximating the shape and timing of the seasonal hydrograph in large, glacierized basins. Although errors are large, the presented technique represents the only currently available way to estimate discharge in ungauged braided rivers.
Introduction
Braided rivers contain multiple, shifting channels that widen and become more numerous in response to increased river discharge. Permanent gaging stations are impossible to install unless the braid channels coalesce into a single, semistable channel reach somewhere along the river. Braided rivers are particularly common in glacierized basins, and the paucity of streamflow data from such areas has hampered efforts to assess changes in meltwater production that may be occurring because of observed retreat of many of the world's alpine glaciers [Meier, 1984; Haeberli et al., 1989] . Streamflows are also virtually unknown in remote areas such as the north slope of Alaska strength of its dipole moment in the presence of a time-varying external electric field. When a surface is subjected to an incident microwave, the ratio of incident energy reflected away from the surface to the energy refracted downward into the media is proportional to the dielectric constant and the local incidence angle. The angular radiation pattern reflected by a surface is determined by the surface roughness (on the scale of the microwave wavelength) and local slope, which exerts a net directionality to the radiation pattern. Normalized radar back- 
ERS 1 SAR Data Processing Procedures
Forty-one ERS 1 SAR images acquired over the Tanana, Taku, and Iskut Rivers by the Alaska SAR Facility were used to determine the correlation between active flow area and discharge in 1992 and 1993 (Table 1) . Two closely related river flow parameters, effective width We and total sinuosity EP, were derived from each ERS 1 image. Values of We were computed following three processing steps (radiometric calibration, classification, and majority filtering). Values of EP were obtained after two additional steps (refiltering and link fitting). These five processing steps are described next and illustrated with an example from the Iskut River in Figure 2. 
Water Surface Area
Radiometric calibration of each image was done with Alaska SAR Facility software to permit comparison of o -ø between multitemporal images and also within a single scene ( Figure  2a ). The calibration process removes variations in o -ø caused by sensor antenna pattern, range to target, and incidence angle for each image, using a satellite-derived noise versus range function and three calibration coefficients [Bicknell, 1992] .
Heavily braided reaches from 9 to 16 km in length were selected as control sections for the Tanana, Taku, and Iskut Rivers. In addition, three sections were defined at different locations along the Tanana River to assess the influence of channel morphology upon the slope of satellite-derived effective width/discharge rating curves. A threshold approach similar to that of Chalah et al. tend to miss some water surface area; higher thresholds classify noncontiguous patches that are probably not channels.
A 3 x 3 bimodal majority filter was next applied to each classified image to reduce speckle (Figure 2c) . The eight neigh- 
Total Sinuosity
The degree of braiding varies along a river's length and also differs between rivers. Clearly, the sensitivity of water surface area to changing discharge is influenced by the intensity of braiding. With increasing discharge an incised meandering river will experience little widening (until its banks are overtopped), while an intensely braided river will increase its flow area continuously. The major reason for this effect is that meandering rivers tend to have steeper and more stable banks than braided rivers, owing to the presence of cohesive sediment and vegetation cover. In order to characterize the intensity of braiding for each control section used in this study a total sinuosity index 5;P was calculated from each SAR image acquired over the control sections. 5;P is defined as the cumulative length of all braid channels in a reach divided by the reach length [Hong and Davies, 1979 ; Robertson-Rintoul and Richards, 1993] . Like effective width, total sinuosity is a function of discharge; for most natural rivers there is no single value of 5;P that exists at all states of discharge.
To obtain values of 5;P from the ERS 1 data, each classified image was refiltered to remove all clusters of noncontiguous pixels. All pixel groupings classified as water that could be fully and Taku Rivers, respectively. Regression of log Q on log We yields Q = 7.03 x 10 -s We 2's•, Q = 3.19 x 10 -3 We 2'øø, and Q --3.18 x 10 -s We 2'8ø, respectively. These power functions represent satellite-derived rating curves which relate the area of active flow to discharge. Once established, they may be used to estimate river discharge from satellite measurements alone. Departures (in cubic meters per second) of ground discharge measurements from the values predicted by these power functions are listed for each satellite data acquisition in Table 1 . Errors range from tens to hundreds of cubic meters per second, with many (but not all) of the largest errors associated with high-discharge conditions. Despite observed changes in channel configuration and a major flood event on the Iskut River the We-Q rating curves remained stable throughout two melt seasons. Potential changes in the We-Q relationship induced by a shifting braid channel configuration appear to be avoidable if control sections of the order of 10 km in length are chosen, most likely from spatial averaging of these small-scale effects. It should be noted that it is possible for an extremely sinuous meandering channel to have a value of EP as large as those from braided channels, yet it will still show little increase in W e with Q. Other sinuosity or braid indices exist that distinguish meandering from braided channel networks more precisely than the total sinuosity index EP used here. However, in the normal spectrum of channel morphologies, values of EP are larger for intensely braided rivers than for meandering rivers. Relationship between satellite-derived effective width We and ground measurements of river discharge Q for the Tanana River control sections T1, T2, and T3 in Figure 4 . The steepness of the derived We-Q rating curve is proportional to the intensity of braiding found in the control section. Median total sinuosities ZP are 9.6, 6.4, and 4.9 for sections T1, T2, and T3, respectively.
Effect of Channel Morphology on

Monitoring Other River Conditions
Dry and melting river ice, floodplain wetness, and wind conditions can also be interpreted from SAR imagery. As examples, five ERS 1 images acquired over the Tanana width appears to be more sensitive than depth or velocity to slope, although small increases in velocity and decreases in depth do occur as water surface slopes become greater. Steeper slopes are associated with narrower channels, while gentler slopes are associated with wider channels. A similar relationship may exist at the floodplain scale: The Tanana River possesses a gentler valley slope and wider braid channels than does the Iskut River. Knowledge of valley slope may be required for parameterization of satellite-derived We-Q rating curves, which may reflect a river's propensity for braid channel widening.
Valley Slope and Grain Size
The Iskut River drains a heavily glacierized basin and flows with a moderate gradient over a coarse gravel bed. The Tanana River near Fairbanks, Alaska, is 150 km distant from its glacial sources, has a gentle slope, and flows over silt, sand, and gravel. Valley gradients derived from topographic maps for the Tan Specular returns from open water surfaces may be enhanced with increased sensor incidence angle. The space shuttle Endeavor acquired a SIR-C SAR scene over More Creek, a braided tributary to the Iskut River, in April 1994. Comparison with ERS 1 images acquired over the same area shows that water surfaces can be seen more distinctly in the SIR-C data, despite the similar spatial resolutions of the two sensors. This is likely due to the greater sensor incidence angle (36 ø versus 24 ø for ERS 1) used during the SIR-C mission. Foreshortening and layover, topographic distortions commonly found in SAR data acquired over rugged terrain, are also less severe in the SIR-C data, although radar shadow effects are increased. Returns from braided river floodplains are sometimes masked by layover effects from the surrounding topography. The pointing capability of RADARSAT permits different sensor incidence angles to be used during data acquisition. Choice of a high angle, such as that used during the SIR-C missions, may improve the ability of the SAR to discriminate small braid channels and also reduce topographic layover effects onto the river floodplain. 
Wet Gravel Bars
Unusually high backscatter values from bars surrounding and among the braid channels were observed in five ERS 1 images acquired over the Tanana River (Figure 6c ). Streamflow and local meteorological records suggest that these strong returns were caused by wet gravel conditions. Two of the five anomalous images were associated with rainfall, one was associated with snowfall at temperatures slightly above freezing, and two were associated with sharply falling river stage. Strong, bright returns from these areas can actually "overwhelm" small channels and cause larger channels to appear narrow to the In the simulations reported here, discharge is varied by changing the number of cells in the first row that receive discharge. Table 2 lists the number of cells in the first row receiving discharge for 11 simulations, using a braid plain that is 72 cells wide and 500 cells long. Model effective width is the average number of cells in a cross section that contain a discharge greater than an arbitrary cutoff, which is 8000 discharge units for these simulations (approximately 2% of the total discharge in the narrowest run). Once the model has reached an apparent statistical steady state, the effective widths at five different times are averaged to produce the values in Table 2 .
Effective widths were sampled only in the downstream half of the braidplain to avoid "introduction effects," such as channel entrenchment near the upstream lattice boundary [Murray and Paola, 1996a, b] .
The correlation between model-generated discharge and effective width is shown in Figure 11 (values of Q and We have been normalized to 1.0). A smooth, power law relationship similar to the satellite-derived curves for the Tanana, Iskut, and Taku Rivers (Figure 3) is found, providing theoretical support for fitting power law curves to the limited data on real rivers derived from ERS 1 images and ground discharge measurements. However, the best fit exponent of this power function is 0.75, which is considerably larger than exponents for the three natural rivers presented in Figure 3 . This is an expected consequence of the model's assumption of a perfectly noncohesive channel bed and is discussed further in section 9.1. This model is not completely realistic; it excludes many of the small-scale processes that occur in real braided rivers. However, Figure 11 shows that even a simple cellular model of stream braiding shows a smooth and nonlinear correlation between effective width and discharge. A linear increase would imply that the maximum local (per unit width) discharge that could be produced within the system is independent of the total discharge. The observed nonlinearity suggests that this is not the case. Instead, higher total discharges create the possibility of greater maximum flows in confluences and hence higher maximum local discharges, without need for a linear increase in active flow area.
Discussion
Potential for Application to Ungaged Basins
The satellite-derived rating curves which relate effective width We to river discharge Q in Figure 3 indicate that the active flow area on braided rivers is strongly correlated with discharge. For rivers where satellite imagery and ground streamflow measurements are available this relationship can be empirically determined and used to obtain estimates of instantaneous river discharge from space. For the three study rivers, differences between predicted and actual discharge ranged from 6 to 633 m3/s. Values of We from satellite imagery display a smooth power law correlation with ground measurements of discharge. Synthetic values of We and Q generated from a cellular model of stream braiding also show a smooth power law correlation, despite the relative simplicity of the model. This provides some theoretical support for the observation that flow area increases smoothly and nonlinearly with discharge and suggests that it is appropriate to fit power functions through empirically derived plots of We and Q. However, the width exponent of the modeled We-Q rating curve is significantly larger (0.75) than all of the empirically derived curves presented here. A likely reason for this is that the model assumes a perfectly noncohesive channel bed. Also, stabilization from vegetation is not considered. All of the rivers examined in this study contain trees and shrubs on some bars, which contribute significantly to bank stability. This difference may explain why effective widths vary less with discharge in these natural systems than in the cellular model: Stabilization generally makes banks steeper and also reduces the braid channel's ability to widen with increasing discharge.
For rivers where ground streamflow measurements are not available, relative changes in discharge can be observed from space using this method. Determination of absolute discharge m3/s). However, the Iskut and Taku Rivers also have relatively gentle valley gradients. We-Q rating curves must be constructed for some steeper braided rivers before any generalized empirical rating curve can be proposed. An alternative approach is to seek ways to parameterize the satellite-derived rating curves presented in Figure 3 , using morphologic and hydraulic channel characteristics. When compared to the full spectrum of possible alluvial river channel morphologies, all braided rivers share some gross similarities. There is also some evidence that the relationship between braid channel width and discharge can be similar among rivers of like geographic location: Mosley [1983] found nearly identical width exponents for three braided rivers in New Zealand, with b values of 0.35, 0.36, and 0.32 [Mosley, 1983] . However, total sinuosity, valley gradient, sediment supply and size distribution, bank stability, vegetation cover type and extent, and range of discharge fluctuations all influence the relationship between water surface area and discharge. If knowledge of all of these factors is prerequisite for effective parameterization of a generalized We-Q rating curve, the prospect of using satellites to measure discharge in remote rivers loses a considerable amount of its appeal. However, our examination of the total sinuosity parameter EP indicates that it is a major contributor to differences in We-Q rating-curve slope: The sensitivity of water surface area as a measure of total discharge is highly dependent upon the degree of braiding. This dependency is OF (Table 2) indicates that low total sinuosities are associated with a flatter W,,-Q rating curve (e.g., the Taku River), while high sinuosities correspond to a more sensitive rating curve (e.g., the Tanana River). Total sinuosity is a useful parameter because it may be obtained from satellite images or air photos. It is also dependent upon many of the morphological variables described earlier. Its greatest drawback is its strong dependency on discharge, which makes determination of a single value of EP for a particular river rather meaningless.
Our findings indicate that the nominal 25-m spatial resolution of ERS SAR imagery is not sufficient for revealing any differences in the relationship between W,, and EP among the Tanana, Iskut, and Taku Rivers. It is likely that such differences do exist among braided rivers of differing vegetation cover, sediment supply and size distribution, and valley slope. For example, braided rivers containing vegetated islands or more cohesive bank material may experience a more rapid increase in W•, (relative to E P) with increasing discharge than very sandy, nonvegetated systems, if existing channels widen faster than new ones form. In principle, even though We and EP will increase with discharge for both rivers, differences in their rates of increase could be used to constrain selection of an appropriate W•-Q rating curve for application to ungaged sites, based on previously compiled rating curves relating discharge as a function of both We and EP.
Comparison of braid channel widths, valley slope, and bed material grain size distributions for the Iskut and Tanana Rivers suggests that these morphological constraints do influence the shape of the We-Q relationship, but they undoubtedly relate to total sinuosity as well. The Tanana River has the highest effective widths of the three rivers. Field measurements indicate that it has a gentler valley gradient, finer bed-material grain size, and wider braid channels than the Iskut River. ERS 1 SAR images show that it also has larger values of EP.
However, it is uncertain if total sinuosity alone is enough to parameterize a generalized We-Q rating curve for application to ungaged basins. Instead, a combination of parameters, such as total sinuosity, valley slope, the distribution of braid channel widths, and vegetation cover will likely be needed before discharge may be accurately estimated from ungaged sites without any calibrating ground measurements of discharge.
Sampling Frequency
Until high-resolution satellite data are consistently acquired at least once every 2-3 days, implementation of a space-based streamflow monitoring program will be of limited utility for detecting brief flood events. However, seasonal streamflow cycles in glacierized basins (where rivers are commonly braided) are strongly correlated with mean temperature, producing flows that swell over a period of weeks to months. The contribution of stochastic rainfall events to total annual flow is commonly minor when compared with the volume of water produced by the melting of ice and snow. As a result, intermittent discharge measurements may be adequate for approximating the timing and volume of the annual hydrograph in glacierized basins. For illustration, 1 year of daily ground measurements of discharge from the glacierized Iskut River is shown in Figure 12a . The record is subsampled using time intervals of 3, 6, and 24 days as examples of satellite data acquisition frequencies (Figures 12b, 12c, and 12d For ungaged rivers the shape of the annual hydrograph can be established using high-resolution satellite imagery to estimate relative discharge. Absolute discharge can probably be estimated within a factor of 2, with more accurate values re- parameterization is complex and will require consideration of several morphologic and sedimentologic variables, total sinuosity exerts the most significant control upon satellite-derived We-Q rating curves. Selection of large, intensely braided control sections 10 km or more in length will yield best results when using this satellite-based technique to estimate discharge in braided rivers.
